Integral membrane proteins are studied with a number of structural and biophysical techniques, many requiring protein overexpression to reach sufficient quantities. However, achievement of the overexpression of membrane proteins is not necessarily straightforward, and the mechanisms and factors that influence expression are not clearly understood. A new study has now broken through this uncertainty by demonstrating the capability of coarse-grained simulations of membrane protein insertion to predict protein expression levels in Escherichia coli.
Integral membrane proteins are studied with a number of structural and biophysical techniques, many requiring protein overexpression to reach sufficient quantities. However, achievement of the overexpression of membrane proteins is not necessarily straightforward, and the mechanisms and factors that influence expression are not clearly understood. A new study has now broken through this uncertainty by demonstrating the capability of coarse-grained simulations of membrane protein insertion to predict protein expression levels in Escherichia coli.
Membrane proteins comprise 20 -30% of the genes of most organisms and are over-represented as drug targets (as much as 70%). Yet, obtaining sufficient quantities of protein for in vitro studies, especially for eukaryotic ␣-helical membrane proteins, is challenging for a number of reasons, including (but not limited to) their low natural expression levels. Escherichia coli is typically used as a model system to overexpress these proteins, but expression levels in this context vary widely, and the reasons why are not always apparent. Although different conditions can be explored to improve expression, there are no general guidelines for success. The authors of a new study now take a critical step in that direction in their report of a more rational approach for designing overexpression constructs that incorporates the details of the cellular machinery responsible for membrane insertion (1) .
Membrane proteins are often co-translationally trafficked to the Sec translocon, through which they are inserted into the membrane to avoid buildup of aggregation-prone hydrophobic sequences. Two landmark studies, one in 2004 providing the first crystal structure of a Sec translocon (2) , and one in 2005 cracking its code for transmembrane helix recognition (3), laid the groundwork for a number of experimental and computational investigations that further teased out the details of the insertion process (4). One result was the development by Zhang and Miller (5) of an in silico coarse-grained (CG) 2 simulation approach that replicates co-translational membrane protein insertion on realistic time scales. Despite its simplicity, this approach has been demonstrated to reproduce numerous experimental observations while providing a molecular-scale depiction of their underlying events.
Niesen et al. (1) have now pushed their CG simulations out of the computer and into the lab (Fig. 1) . The authors made the initial simulation-experiment connection for the sixtransmembrane-domain (TM) protein TatC last year (6) . In the present study, they created 140 variants, predicted the insertion efficiency of each from simulation, and then measured expression levels in E. coli. The variants ranged from single-point mutations to the swapping of entire loops. A statistical analysis of the results showed that mutations that enhanced insertion in the CG simulations were fourfold more likely to enhance expression in experiments over random selection, demonstrating the simulations' predictive power. Furthermore, the authors found that the effects of point mutations on insertion were largely independent and cumulative, illuminating a path forward for greatly increased protein expression yields.
A surprising finding of the work from Niesen et al. (1) is the strong dependence of their model's predictive capability on the simulated protein topology of the C-terminal tail, i.e. its placement with respect to the membrane. The authors found multiple other measures to predict expression efficiency poorly, including the fraction of simulations in which the topologies of all cytosolic/periplasmic loops were correct, the fraction in which only the mutated loop was correct, and the fraction in which each one of the seven loops/termini was correct. One possible explanation is that the C-terminal tail "aggregates" all previous errors and thus will report on topological errors anywhere in the protein. However, the lack of correlation of the C-terminal tail topology with any other measure undermines this explanation. Instead, the authors suspect that the Cterminal-tail topology is especially sensitive to mutations anywhere in TatC, an explanation also supported indirectly by an ampicillin resistance assay.
TatC is not the first protein in which the C-terminal tail has been found to play an outsized role in its topology. The four-TM protein EmrE, notorious for its ability to adopt opposite topologies in the membrane, has been shown to flip its topology based on even the charge of the very C-terminal residue (7) . Although EmrE may be a relative outlier, it indicates that membrane protein folding is capable of a high degree of plasticity, depending on a variety of factors, many uncontrollable, a fact anathema to the careful design and production of de novo membrane proteins. However, the CG simulations have previously been demonstrated to correctly predict the topology of EmrE mutants, which were observed to reorient in the membrane through "kinetic annealing" (8) tions that is most predictive of expression efficiency. Using subsets of their full 140-mutant data set, the authors determined that a training set with fewer than 20 mutants was already sufficient to clearly identify C-terminal-tail topology as the most predictive measure for TatC.
Looking beyond improving expression for existing proteins, the method of Niesen et al. (1) will also aid in the creation of entirely new membrane proteins, an area of research potentially poised to usher in a new age of biotechnology (9) . Membrane proteins are relatively under-represented in this area, although there have been some successes, e.g. a four-helix-bundle Zn 2ϩ transporter (10) . However, this transporter was simple enough to insert directly into the membrane; more complex creations will require accounting for the ribosome-translocon system as well.
Although designer membrane proteins are not yet something that can be ordered out of a catalogue, the work of Niesen et al. (1) has taken us one step closer. By developing a strategy to reliably determine expression efficiency for a variety of mutants of a known membrane protein, they have overcome one major technological hurdle, namely how to get a protein into the membrane. Future work is now needed to expand this strategy to other existing membrane proteins and, ultimately, to completely de novo ones. (5, 6) . The membrane is shown as a blue slab; the ribosome is in brown; the Sec translocon is in green; and the inserting membrane protein is in gray (hydrophobic), white (polar), and red (mutated residue) with the individual TM segments labeled. The resulting topology of the C-terminal tail in these simulations, shown to be the most predictive factor in silico, determines the efficiency of expression in E. coli cells (B, bottom).
